Background: Mechanical loading during childhood plays a critical role in normal growth and development of the skeleton. Ground reaction forces (GRFs) may provide a surrogate measure for the strain experienced by bone on landing and at take off. However, there appear to be no paediatric studies that assess GRFs across a variety of loading activities. Objectives: To measure biomechanical variables in commonly performed childhood activities used in an elementary physical education intervention study which augmented bone health in boys and girls. Methods: Maximal GFR, maximal rates of force, and time to maximum force were measured for 12 different jumping activities on a force platform. The jumps measured were drop jumps from 10, 30, and 50 cm, all followed by a plyometric jump, submaximal and maximal jumping jacks, alternating feet jump, counter movement jumps, and side to side jumps over 10 and 20 cm foam barriers. The subjects were 70 children (36 boys and 34 girls), 8.3-11.7 years old. Results: Subjects ranged in height from 128.4 to 172.6 cm and had a mass of 25.0-57.0 kg. Mean (SD) for vertical jump was 24.2 (5.5) cm and 135.2 (16.6) cm for standing long jump. The children engaged in loaded physical activity 5.7 (5.3) hours a week, on average. The highest mean maximal GRFs, normalised for body weight (BW), were generated from the plyometric portion of the drop jumps and the counter movement jump (about 5 times BW) compared with 3.5 times BW for jumping jacks. Similarly, the highest rates of change in force were 514 times BW/s for the drop jump from 10 cm and 493 times BW/s for the counter movement jump. Conclusions: Simple jumps requiring minimal equipment produce GRFs of 3.5-5 times BW and rates of force of around 500 times BW/s. As children appear to attenuate higher impact forces when jumping from increased heights, it cannot be assumed that merely increasing the height of the jump will necessarily ''progress'' the exercise intervention.
C
hildhood is a key time to optimise bone mass and strength. 1 2 Exercise intervention studies in children have successfully increased bone mass [1] [2] [3] [4] and structure, 5 but the optimal amount and precise form of the physical activity stimulus necessary to achieve these results remains poorly characterised. Animal studies [6] [7] [8] [9] suggest that high or unusual strains increase bone strength by increasing bone mass, size, and area moment of inertia. Judex and colleagues 10 elegantly showed that immature bone is sensitive to high strain rates.
A few pioneering studies in humans measured bone strain in vivo during physical activities that included walking, running, and drop jumps from various heights. [11] [12] [13] [14] Of interest was the finding that higher impact exercise (drop jumps from greater heights) did not cause higher tibial strain rates. 11 Whether this is also the case in children remains unknown. Paediatric studies have not included in vivo strain gauge measurements. In 13 prepubertal children, Bauer et al 15 measured ground reaction forces (GRFs) and force rate of change for a particular exercise: a drop jump from 61 cm. Maximal GRF was 8.5 (2.2) times body weight (BW), and maximal rate of change of force was 472 times BW per second. There remains a need for further characterisation of activities that are osteogenic in children, particularly exercises other than the 61 cm drop jump characterised by Bauer et al. 15 This will allow future optimisation of exercise programmes as well as the design of novel effective physical activity interventions to increase peak bone mass.
Because there have been few reports of the GRFs associated with a broad range of activities in children, we assessed GRFs and rate of change of force associated with a variety of jumps in a high impact loading intervention. We aimed also to compare results obtained from boys and girls. These activities formed part of the Healthy Bones II trial which significantly improved bone health through a simple modification of an elementary school physical education programme. 2 
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METHODS
Study design
We conducted a cross sectional study that assessed biomechanical variables for 12 types of jump performed by children within elementary school physical education. These jumps comprised part of a physical education curriculum that proved effective for improving bone mass and strength in boys and girls across both an eight month and a 20 month randomised controlled intervention trial. 2 16 17 Subjects Subjects were grades 4, 5, and 6 students (8.3-11.7 years) attending elementary school in the Richmond School District in British Columbia, Canada. Seventy healthy children (36 boys, 34 girls) who had volunteered to participate in a separate high impact loading intervention study (n = 383) were randomly selected for the present study. Subjects were screened for musculoskeletal problems, metabolic disorders, or the use of drugs that might affect balance or strength.
Means (SD) for age, height, and total body mass are presented for the group (table 1) . We obtained written informed consent from all subjects and their parents before data collection. Ethics approval was obtained from the Richmond School Board and the University of British Columbia clinical research ethics board.
Questionnaires
Physical activity
We used the physical activity questionnaire for children (PAQ-C), a validated and reliable instrument that we have used extensively. 18 A ''load'' score was derived from times in the past week that the child reportedly engaged in weight bearing activities (hours/week). These data were included as possible determinants of a ''soft'' landing technique, which, in turn, has been associated with magnitude of GRF. 19 
Maturity
Pubertal development was evaluated by self assessment of breast (girls) and pubic hair (boys), using a standard approach by the method of Tanner. 20 We and others have used this assessment method in previous studies. 18 21 Self assessment of maturity is strongly correlated with staging assigned by an endocrinologist 22 and is the only acceptable method suitable to assess children in a school based setting. As with the physical activity data, maturational data were included as possible determinants of landing techniques that may be associated with attenuation of GRF.
Anthropometry and lower limb dynamic power Stretch stature (without shoes) and sitting height were measured to the nearest 0.1 cm with a mounted wall stadiometer using standard protocol. Mass was measured on the force platform within 0.1 kg. Measurements were taken twice unless values were more than 0.4 cm (height and sitting height) or 0.2 kg (for mass) apart, then a third measure was taken. The average of two values and the median of three values were used as the final value. To evaluate lower limb dynamic power, maximal height (cm) for vertical jump and distance (cm) for standing long jump were evaluated using standard procedures. DJs were two foot landing drops down from a box of the aforementioned heights followed by a maximal jump. PJs were maximal effort two foot take off and landing jumps performed immediately after the DJ landing. JJs were performed with the subject's feet straddling the sides of the force platform and coming together on to the force platform, repeatedly. SS jumps began with feet together on the force platform, hands on hips and followed by a sideways two foot jump over a foam barrier. For CMJs the subject stood stationary, hands on hips, and then bent the knees rapidly (counter movement), and extended them as they jumped as high as possible. AF jumps were single foot landing jumps off of, and with the opposing foot on to, the force platform. The children performed the jumps in a series of three to five, except for the DJ, PJ and CMJ, which were performed only once. GRF measurement and data processing GRFs for each jump were measured on a 40 6 60 cm Kistler 9251A multicomponent force platform (Winterthur, Switzerland). Data were sampled for eight seconds at 300 Hz by an analogue/digital board (DT2821; Data Translation, Marlboro, Massachusetts, USA) and interfaced to the programme Peak Motus (Peak Performance Technology, Englewood, Colorado, USA). The platform was mounted flush with the floor surface. Subjects wore their normal running shoes. Data were processed with software developed in house using Microsoft Excel. All force data were normalised to body weight (BW), and variables of interest were computed. The maximal GRF for each jump, GRF max , was determined as the highest force achieved after landing. 24 The rate of change in force, RF max , was determined by using finite differences to calculate the slope of the force-time curve and identify the peak value. Figure 1 presents exemplar data from a 30 cm depth jump. In the jumps that were performed in 3-5 repetitions, the mean GRF was calculated and is reported.
Statistical analysis
We report means (SD) and 95% confidence intervals (CI) for age, height, mass, dynamic power (long jump and vertical jump) and physical activity for the whole group and by sex (table 1) . We also report means (SD) for maximal force and time to maximal force for each of the 12 jumps. We used independent t tests to compare GRF max and RF max between boys and girls. We compared GRFs within each type of jump using a t test when there were two jumps (JJ, SS) and analysis of variance when there were three jumps (for example, DJ 10 , DJ 30 , DJ 50 ). Data were analysed using SPSS for Windows, version 8.0 (SPSS Inc, Chicago, Illinois, USA).
Results were considered significant if p,0.05.
RESULTS
Of the 70 subjects, 16 girls were Tanner I, 14 were Tanner II, and four were Tanner III. Most of the boys were Tanner I (n = 31), four were Tanner II, and one had reached Tanner stage III. When the levels of DJs were compared, the maximal rate of force generated by DJ 50 was significantly greater (30%) than that generated by DJ 30, which was significantly greater (5%) than that generated by DJ 10 . The RF max for the JJ submax was significantly lower (32%) than that for the JJ max . As expected, PJs were not significantly different from each other.
GRF m a x
(both p,0.05). There were no significant differences in GRF max between the two levels of JJ and SS jumps or for the three PJs.
Sex differences
There were no differences in age, height, mass, and loaded physical activity between boys and girls. There were, however, sex differences for lower limb dynamic power as assessed by standing long jump. Boys jumped 14.5% higher and 7.4% further than girls. Compared with girls, boys had greater GRF max for CMJ (5.9 v 4.7), PJ 30 
DISCUSSION
Although there have been numerous interventions that have augmented bone health, there is a dearth of data quantifying the impact associated with interventions. This project quantifies GRFs experienced by children while performing different types of jump during a loading intervention programme introduced as a part of elementary school physical education. This 10 minute programme of exercise elicited an osteogenic response in a multiethnic group of prepubertal and early pubertal girls and boys. 2 3 5 16 A circuit training programme comprising the measured jumping activities at five stations elicited a 2-3% greater bone accrual response at the femoral neck of the proximal femur in early pubertal girls and boys in the exercising group at eight months 2 17 and 20 months. 2 Underpinning these greater bone mineral changes at the femoral neck were increased bone cross sectional area (2%) and increased cortical thickness (3%). Changes in these structural variables translated into a 4% greater increase in section modulus (a surrogate for bending and torsional strength). 5 Key findings of this study are that maximal GRFs experienced by 9.5 year old children during jumping ranged from 2 to 5 times BW, and all two foot jumps elicited forces greater than 3.4 times BW. To our knowledge, these are the first data that quantify a range of jumping activities in this age group, and these activities can easily be incorporated into elementary school physical education. Thus the data have public health implications. Previous studies found that children experience GRF of 1 times BW while walking 25 and 3 times BW during running. 21 Maximal GRFs of 8.5 times BW (5.6 times BW at initial contact) have recently been reported for landings from a 61 cm box (n = 13). Figure 1 Exemplar force-time curve for a drop jump from a 30 cm platform followed by a plyometric jump. For both jumps the peak force and the rate of change in force were determined.
Interestingly, Fuchs et al
26 reported an osteotrophic response at the proximal femur that was 5% greater for the 9.3 year old children in their study who performed 100 DJ trials per exercise session, compared with controls. This compares with a 2-3% greater response from our cohort of early pubertal girls who progressed to exercises over eight months that elicited GRF max of 5 times BW. Because our intervention consisted of numerous jumps, it provides a physical education curriculum that maintains the child's interest but it does not allow us to identify the relative contribution of the individual jumps to this result.
The GRF max values associated with jumping in children are similar in magnitude to those reported in older people. Low impact aerobics (where one foot is in contact with the ground at all times) produced GRFs of 1.5 times BW, whereas high impact aerobics generated GRFs of 2-3.5 times BW. 27 Extremely high landing GRFs arise in elite athletes in high impact sports. For example, gymnasts landing from the horizontal bars produce forces 8.2-11.6 times BW, 28 and during the ''step'' phase elite triple jumpers generate GRFs over 15 times BW. 29 In this paediatric study, the PJs and CMJs produced the highest GRF max and RF max . GRF max values were also progressively higher when subjects dropped from 10, 30, and 50 cm. However, this relation was not linear, which implies that the children dampened the additional kinetic energy gained by elevating the platform, probably by adapting their landing strategy. We note that, in adults, DJs from heights of 26-52 cm did not cause higher tibial strain or strain rates.
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During the first 150-200 milliseconds after impact there are significant variations between adult subjects in the magnitude of peak force, 30 and these determined whether the landing was classified as ''hard'' or ''soft''. During hard landing, the lower legs undergo negative vertical acceleration, followed by a positive acceleration, which is attributed to muscular stabilisation. During soft landing, on the other hand, the initial negative acceleration is smaller and changes slowly to a relatively small positive acceleration. The leg musculature is absorbing the impact energy over a longer time, thus reducing the peak contact force.
Role of technique in attenuating landing forces
Ability to attenuate landing forces may be linked with skill level. Studies that compared elite and recreational athletes showed that recreational athletes flexed the hip joint to a lesser degree during landings from a low DJ and to a greater degree during landings from a high DJ than highly trained athletes. 19 It has been suggested that children do not have the skill to produce a soft landing on request. In a survey of two groups of 9 and 11 year old schoolboys, none of the 20 subjects could produce a soft landing. The typical peak acceleration by the subjects was 40-60 m/s 2 as compared with 20-30 m/s 2 for adults. 30 We assessed physical activity habits of these children but had no clear indication of skill level within these activities. There was no association between GRF max and participation in loaded physical activity or with maturity. Whether landing strategy varies with activity level, skill, or maturity in growing children warrants further study. In one study the average GRFs associated with 61 cm box jumps did not change significantly across 100 trials. 15 Those authors 15 reported maximal GRFs of 8.5 times BW whereas the children in the present study landed with GRFs approximately 4.7 times BW. It is most unlikely that the height of the platform alone would explain this difference. Thus we speculate that differences in the age, size, or skill level of the children between studies may account for these substantial differences. Although not addressed in this study, a closer look at the determinants of GRF (and rate of force change) in children is of interest. In adults, muscular and kinetic shock absorbing mechanisms during drop jumping may explain a lower than expected strain rate. 11 31 The force-time curves illustrate some of the differences in landings between jumps. During fast, repeated jumping the landing and take off fuse, as the action is fast enough to exploit the absorption of elastic energy that occurs during landing and is reused during take off. 32 The repeated jumpsfor example, JJ and SS-of this study were ballistic in nature, and the force-time curves show that subjects landed and pushed off very rapidly. The short time period available to begin the next jump may have prevented subjects from ''catching'' themselves and softening the landing. On the other hand, for the repeated maximal jumps, landing forces would be attenuated if the subjects flexed their knees in preparation for the next jump. A kinematic study of landing strategies would elucidate these differences.
Although an important and clinically relevant question, our study design did not allow us to calculate the strain experienced at the proximal femur. In kinematic studies, forces at the feet transmitted up along the lower limb to the hip, where they approximated 10 times BW. 33 In an adult study where strain was measured in situ from gauges embedded in hip prostheses, implant forces at the hip were 2.5-3.0 times the GRFs during take off, and 1.5 times the GRFs during landing, from a jump. 13 The greater forces were attributed to the contraction of the large extensor muscles of the knee that attach across the femur and apply a compressive force to the shaft. In a similar study, walking at 1 km/h produced forces 2.8 times BW at the hip and 4.8 times BW when walking at 5 km/h. Jogging elicited hip forces approximating 5.5 times BW. 34 In addition, Bauer et al 15 estimated hip reaction forces in children at first peak using a simple rigid body model (without the contribution of muscular forces) to be 4.2 times BW.
In this study, boys generated significantly higher GRF max and RF max (JJs, CMJ, and DJs) than girls. For measures of dynamic power, boys also performed significantly better than girls. This performance advantage is not explained by body composition differences, as height, sitting height, mass, and the amount of lean and fat mass were similar between boys and girls. Boys and girls also engaged in similar amounts of physical activity. We do not know, however, whether the boys engaged in more jumping activities specific to this investigation than girls. Before puberty, boys generally outperform girls when jumping. 35 Sex related differences in motor performance are increasingly apparent as children approach adolescence, 35 but we were somewhat surprised by the sex differences in these prepubertal and early pubertal children.
What is already known on this topic
Common jumping activities in children produce GRFs from 2 to over 5 times body weight. Forces can be attenuated with landing strategies when jumps from increased heights are adopted as a part of ''progressive'' exercise interventions.
What this study adds
The jumps tested in this study led to positive change in numerous measures of bone health (which are reported elsewhere 2 16 ).
A limitation of the study was that seven of the 12 jumping activities were not measured as repeated activities-that is, three jumps with a mean reported. This was a practical limitation because of time, as children were coming to the laboratory during the school day in a bus, undertaking three practices for each jumping activity, and completing 12 different jumps. Future studies with fewer children could address this limitation.
In summary, we observed GRF max from 2 to over 5 times BW in children performing 12 varied jumping activities. The activities that had GRF max greater than 5 times BW were the PJ and the CMJ. Our data show that, as in adults, 11 children appear to use landing strategies to attenuate GRFs when jumps from increased heights form part of ''progressive'' exercise interventions. However, extrapolating from animal studies, it would appear likely that even a small number of jump repetitions 36 that provide high strain rate may benefit bone health. 37 Future biomechanical studies may focus on ways of measuring or estimating strain rate at various skeletal sites associated with specific exercises.
